Recent studies indicate that the transcription factor c-Myc contributes to oncogenesis by altering the expression of genes involved in cell proliferation, but its precise function in neoplasia remains ambiguous. The ability of c-Myc to bind the sequence CAC(G/A)TG and transactivate appears to be linked to its transforming activity; however, c-Myc also represses transcription in vitro through a pyrimidinerich cis element termed the initiator (Inr). In transfection experiments using the adenoviral major late (adML) promoter, which contains two Myc binding sites and an Inr, we determined that c-Myc represses transcription through the initiator in vivo. This activity requires the dimerization domain and amino acids 106 to 143, which are located within the transactivation domain and are necessary for neoplastic transformation. We studied a lymphoma-derived c-Myc substitution mutation at 115-Phe, which is within the region required for transcriptional suppression, and found the mutant more effective than wild-type c-Myc in transforming rodent fibroblasts and in suppressing the adML promoter. 
Introduction
Deregulated c-myc gene expression is a frequent finding in many animal and human neoplasms (1) . In certain cancers, such as human Burkitt lymphomas, genetic alterations of c-myc that result in its deregulated expression are sine qua non. Recognition of c-Myc protein function is a prerequisite for understanding its role in oncogenesis. A better understanding of c-Myc function has recently emerged from studies indicating that c-Myc is a member of the basic-helix-loop-helix leucine zipper (bHLHLZ) family of transcription factors. Mutational analysis uncovered several functional domains including an NH 2 -terminal transactivation domain and a COOH-terminal dimerization domain, which were both shown to be necessary for c-Myc-mediated transformation (2-7). c-Myc dimerizes with another bHLHLZ protein, Max, and the heterodimer recognizes a core nucleotide sequence, CAC(G/A)TG, also referred to as the enhancer box (E-box) 1 (8, 9) . c-Mycmediated transactivation of artificial reporter constructs driven by multiple copies of the E-box has been observed by many investigators (9) (10) (11) (12) (13) (14) .
Several issues contribute to the complexity of c-Myc-mediated transactivation, however. First, Max not only dimerizes with Myc to form activating dimers, but Max also forms homodimers (15, 16) and dimers with two recently identified proteins, Mad (17) and Mxi-1 (18) . Unlike Myc-Max heterodimers, Max-Max, Max-Mad, and Max-Mxi1 dimers have been shown to inhibit E-box-driven transactivation or cell transformation by c-Myc (11, 17, 19, 20) . The fact that Max is expressed constitutively whereas Myc and Mad expression are cell growth dependent (4, (21) (22) (23) suggests that changing ratios of activating dimers to inhibitory dimers with respect to cell proliferation may be a form of transcriptional regulation by c-Myc. A second issue is that c-Myc may interact with transcriptional regulatory proteins other than Max. The NH 2 -terminal domain has been reported to interact directly with TATA-binding protein (24, 25) or the retinoblastoma-related protein p107 (26) , whereas the COOH terminus may bind to Yin-Yang-1 (YY1) (27) or TFII-I (28) . The biological relevance of these interactions in vivo remains to be elucidated. Third, there is significant variability in the degree of E-boxdriven transactivation reported in the literature (11, 29, 30) . The inverse correlation between endogenous c-Myc levels with cell proliferation may explain some of the observed variation in the degrees of c-Myc-mediated transactivation in transfection experiments. Variations in endogenous levels of c-Myc that occur with changes in cell density, a parameter not rigorously controlled in most transfection experiments, appear to affect E-box-driven transactivation by c-Myc because the rate of cell proliferation varies inversely with the degree of cell density (31, 32) . Finally, the observation that a nontransforming c-Myc mutant with a deletion of amino acids 106-143 of the transactivation domain retains the ability to transactivate conflicts with the hypothesis that c-Myc-mediated transactivation is linked to transformation (14). This observation implies a dissociation between the transactivating and transforming properties of c-Myc and raises the possibility of the existence of other mechanisms of transformation by c-Myc.
Although the transactivating properties of c-Myc have been best described, c-Myc-mediated transcriptional repres- 1 . Abbreviations used in this paper: adML promoter, adenoviral major late promoter; E-box, enhancer-box; HLH, helix-loop-helix; Inr, initiator element; MLV, Moloney murine leukemia virus. sion has also been reported (29, 30, 33, 34) . In the course of studying c-Myc-mediated transactivation in our laboratory, an myc expression plasmid repressed an adenoviral major late (adML) promoter driven reporter in cells at low density. Unlike artificial constructs (composed simply of multimeric repeats of the E-box driving a reporter gene) frequently used to study c-Myc-mediated transactivation, the adML promoter contains an initiator element (Inr) that follows the consensus, YAYTCYYY (Y ϭ pyrimidine base). The initiator element has been identified in several TATA-less promoters of genes that are regulated during differentiation (35, 36) . In vitro transcription experiments show that Myc represses initiator driven transcription by TFII-I, a ubiquitous transcription factor that binds the Inr in gel shift assays (28) . We now describe experiments demonstrating that c-Myc represses transcription through the Inr in vivo. During the course of our work, several other studies that reached similar conclusions on c-Myc-mediated transcriptional suppression were reported (37) (38) (39) . In the current study, we also determined which c-Myc functional domains participate in c-Myc-mediated repression through the Inr and identified a critical region, amino acids 106-143, within the transactivation domain that is required for repression through the Inr and neoplastic transformation. We observed that a lymphoma-derived mutant Myc protein, which contains a substitution of 115-Phe within the region required for repression, repressed the adML promoter more dramatically and conferred a greater cell growth potential than wild-type c-Myc, suggesting that repression may be another important mechanism by which c-Myc transforms cells.
Methods
Construction of plasmids. pMLPCAT and pMLPLuc are plasmids composed of the adML promoter driving the chloramphenicol acetyltransferase or luciferase genes, respectively. To generate pMLPCAT, the adenoviral major late promoter was isolated from the plasmid, pHTXB (gift of J. Corden, Johns Hopkins University, Baltimore, MD) and subcloned into the XbaI/SmaI sites of pE1bCAT. The same fragment was cloned into pGL2Basic (a luciferase reporter plasmid; Promega Corp., Madison, WI) to obtain the pMLPLuc construct.
The adML promoter was mutated in the cloning vector pBSIIKS Ϫ . To mutate the initiator element, a pair of 28-bp oligonucleotides spanning the initiator element and containing the desired mutation (top strand sequence: 5 Ј -TCCTCACATACTTCCGCATCG-CTGTCTG-3 Ј ) were generated and used in the PCR with two flanking primers corresponding to pBSIIKS Ϫ vector sequences. The mutated MLP fragment was subcloned into the XhoI/SmaI sites of pE1bCAT and sequenced for verification. The same fragment was cloned into pGL2Basic to create the p ⌬ InrLuc plasmid.
Similarly, the two E-boxes were mutated to generate the reporter construct DMCAT, in which the initiator element is intact. The M2 site was mutated using a pair of primers overlapping the M2 site creating an SalI site within M2: 5 Ј -TAGGCGTCGACACCGGGTGT-TCCTGAA; 3 Ј -CCAAATATCCACATCCGCAGCTGTGGC. The mutated PCR fragment was then used in a PCR reaction with a second set of primers to create an XhoI site within M1: 5 Ј -AAGACTCGA-GTCGCCCTCTTCGGCATC; 3 Ј -GAGGTCCCACACTTCTGA-GCTCAGCGG. The double mutant fragment was subcloned into the XhoI/SmaI sites of pE1bCAT and sequenced for verification.
pMyc designates the plasmid composed of the full-length c-myc cDNA driven by the Rous-Sarcoma LTR. p ⌬ 41-53, p ⌬ 55-92, p ⌬ 93-103, p ⌬ 106-143, and p ⌬ HLH (gifts of W. Lee, University of Pennsylvania, Philadelphia, PA) are comprised of the Moloney murine leukemia virus (MLV) LTR driving a 2.7-kb genomic myc fragment or myc mutants as described (5) . For the experiments designed to assess the transcriptional activity of the mutant MycB2, a genomic myc expression plasmid driven by the MLV LTR was used both for the transfection experiments and for subcloning the PstI-PstI fragment from pAMPB2, a gift of T. Yano and M. Raffeld (National Cancer Institute, Bethesda, MD [40] ).
Cell cultures and transfection. Mouse L fibroblasts were seeded to 20% confluency (2.9 ϫ 10 6 cells per 100-mm dish) and transfected using the DEAE dextran method (41) pBluescript or pMLV (an empty expression plasmid) was added to control for the total amount of DNA added to each plate. 16 h later, a 10% DMSO/chloroquine shock was performed (41) . CAT activity was assayed by the simple phase extraction method (42). Luciferase activity was measured using the luciferase assay system (Promega Corp.). Data was normalized for total protein as measured by the method of Bradford (43) .
Rat 1a fibroblasts were transfected with pMLV, pMycB2, or pMyc, and a hygromycin resistance marker plasmid using Lipofectin (GIBCO BRL, Gaithersburg, MD) as described (44) . Transformed cells were selected with 80 g/ml hygromycin B (Sigma Chemical Co., St. Louis, MO), and over 100 hygromycin resistant colonies were pooled. Total cell lysates were prepared in 2 ϫ Laemmli buffer (45) . Proteins from the cell lysates were resolved by SDS/10% PAGE and subjected to immunoblot analysis using a monoclonal mouse antibody 9E10 (46) . The blot was incubated with secondary goat anti-mouse horseradish peroxidase-conjugated antibody (Bio-Rad Laboratories, Rockville Centre, NY), and reactive polypeptides were detected by the enhanced chemoluminescence system (Amersham Corp., Arlington Heights, IL). The soft agar anchorage-independent growth assay was performed as previously described (44). 1.2 ϫ 10 5 single cells in suspension were plated in 0.7% agarose on 100-mm dishes, incubated at 37 Њ C, and dishes were photographed at 16 d.
Rat embryo cell cotransformation assays using the activated pEJras plasmid were performed as described in our previous publication (3). Transformed foci were counted 2 wk after lipofection.
Results
c-Myc represses transcription from the adML promoter through the Inr element. In our earlier study, it was observed that at low cell density exogenous c-Myc did not affect basal E-box-driven transcription from an artificial reporter construct lacking an Inr presumably because endogenous Max levels are limiting (31) . However, exogenous c-Myc at low cell density repressed an adML promoter driven reporter gene, suggesting that the repressive effect may be exerted by Myc through a promoter element other than an E-box. The adML promoter contains an Inr located 23 bp downstream from the TATA box (Fig. 1) . Two E-boxes also exist upstream. Based on the report that Myc could bind to the Inr and inhibit TFII-Idriven transcription (28), we tested if c-Myc could repress through the Inr in vivo. Mouse L cells grown to 20% cell confluency were cotransfected with increasing concentrations of pMyc, a Myc expression plasmid, and pMLPCAT, a reporter plasmid composed of the adML promoter driving the chloramphenicol acetyltransferase gene. Titration with increasing amounts of pMyc resulted in an initial transactivation of pMLPCAT followed by a decline to basal levels at the highest input pMyc (Fig. 1 ). Trends in transcriptional activity were emphasized because our earlier experiments indicated that variability in transcriptional activity is related to the ability of exogenous Myc to titrate endogenous levels of Max (31) . Despite rigorous technical effort, variability in reporter activity between different transfection experiments was observed. This variability, also noted by others (30) , led us to report here the average fold change in transcriptional activity from several experiments rather than representative data. The fold changes were subjected to statistical analysis to determine their significance.
To delineate the role of the Inr in c-Myc repression, PCRbased mutagenesis was used to render the initiator sequence incapable of binding to TFII-I (28, 47) . The fragment containing the mutated Inr was subcloned into a CAT expression plasmid to generate a second reporter construct, p ⌬ InrCAT (Fig.  1 ). The remainder of the promoter region of p ⌬ InrCAT is identical to the adML promoter. p ⌬ InrCAT generated basal transcriptional activity 1.8 times greater than that observed with pMLPCAT as determined from an average of 37 separate transfection experiments. A significant rise in activation of p ⌬ InrCAT with 2.0 g pMyc was observed (Fig. 1 ). With 10 g pMyc, the upward trend in transcriptional activity persisted. This trend contrasts with the repression seen with pMLPCAT. Thus, our results indicate that in the presence of the Inr, Myc transactivates pMLPCAT at low input effector DNA and represses transcription of pMLPCAT at high input Myc expression plasmid DNA. In the absence of the Inr, however, high input levels of Myc expression plasmid did not suppress transcription of p ⌬ InrCAT.
Transcriptional repression requires a region involving amino acids 106 to 143. The c-Myc NH 2 -terminal transactivation domain is believed to be required for cell transformation. This contradicts the observation that p ⌬ 106-143, a mutant Myc plasmid with a deletion in the transactivation domain, fails to transform but retains transactivation ability (2, 5, 14) . c-Myc activity through the Inr may provide some insight into the apparent dissociation of transcriptional activation from transformation observed with this mutant. Cotransfection of 5.0 g p ⌬ 106-143 with pMLPCAT caused a dramatic 6.7-fold increase in CAT activity in comparison to only a 1.7-fold increase seen when cotransfected with p ⌬ InrCAT (Fig. 2) . Transfection with pMLV, an empty expression plasmid, failed to affect basal transcription (data not shown). These observations suggest that the ability of c-Myc to suppress the adML promoter in an Inr-dependent fashion is abrogated by deletion of amino acids 106 to 143, thus resulting in a dramatic activation of pMLPCAT by p ⌬ 106-143. In contrast, the nontransforming deletion mutant, p ⌬ HLH, was inactive with either pMLPCAT or p ⌬ InrCAT (Fig. 2) . The failure of p ⌬ HLH to activate either reporter suggests that the HLH region is required for transactivation and transcriptional suppression. The different transcriptional activities of these mutants do not arise Note that p⌬HLH did not alter activities of either pMLPCAT or p⌬InrCAT, whereas p⌬106-143 activated but did not suppress these reporters. p⌬106-143 displayed a marked differential activation of pMLPCAT compared to the moderate activation of p⌬InrCAT. Transfections were performed in duplicate. Standard error bars are indicated.
from differences in expressed protein because the mutant proteins encoded by these plasmids (p ⌬ 106-143 and p ⌬ HLH, the latter also known as p ⌬ 371-412) have previously been shown to be expressed in transiently and stably transfected cells (5, 14) .
If loss of region 106-143 simply eliminates transcriptional repression, then transactivation of p ⌬ InrCAT by p ⌬ 106-143 would be expected to occur in a similar pattern as seen with pMLPCAT. But p ⌬ 106-143 exhibited significantly less activation of p ⌬ InrCAT than of pMLPCAT (Fig. 2) . These observations suggest that transactivation is also dependent on the Inr of the adML promoter as previously observed by Du et al. (48) . Our observations, however, are unable to rule out the possibility that p ⌬ 106-143 behaves in a dominant negative manner by interfering with the inhibitory effect of endogenous Myc through the Inr present in pMLPCAT but not in p ⌬ Inr-CAT. To determine if transactivation by p ⌬ 106-143 could occur directly through the Inr independent of the two E-boxes, we mutated both upstream E-boxes of the adML promoter while leaving the Inr intact to generate the reporter construct pDMCAT (Fig. 3) . p ⌬ 106-143 caused a 2.3-fold rise in pDM-CAT activity at the highest input effector DNA (Fig. 3) . In contrast, neither pMyc nor p ⌬ HLH affected basal transcription of pDMCAT. Thus, in total these findings suggest that the Inr plays a role in transactivation of MLP and that p ⌬ 106-143 is able to transactivate through the Inr in the absence of the two upstream E-boxes.
Deletion of amino acids 106-143 abolished the ability of c-Myc to transform and the ability of c-Myc to repress through the Inr, yet did not eliminate its transactivating property. Unlike p ⌬ 106-143 which fails to transform at all (5, 6), other NH 2 -terminal deletion mutants, p ⌬ 41-53, p ⌬ 55-92, and p ⌬ 93-104, retained the ability to transform but with diminished efficiency as compared to wild-type Myc in the rat embryo fibroblast cotransformation assay (5). We questioned if derepression through the Inr was unique to deletion of amino acids 106-143 and studied the transcriptional properties of these other deletion mutants. Derepression through the Inr, reflected by the greater activation of pMLPCAT as compared to p ⌬ InrCAT, was exhibited by only two deletion mutants. Derepression through the Inr was greatest with p ⌬ 106-143. A mutant with deletion of amino acids 93 to 103, a region contiguous to 106-143, also demonstrated derepression through the Inr but to a lesser degree (Fig. 4) . The other two mutants, p ⌬ 41-53 and p ⌬ 55-92, retained the ability to repress through the Inr because their activation of p ⌬ InrCAT was greater than that of pMLPCAT. The findings suggest that a region involving amino acids 106-143 of the transactivation domain is necessary for c-Myc-mediated transcriptional repression, since loss of this region abrogates the ability of c-Myc to suppress transcription from pMLPCAT as compared to the other deletion mutants. The derepression seen by p⌬93-103 suggests that deletion of amino acids 93-103 may alter the conformation of adjacent amino acids 106-143 resulting in the loss of the ability of c-Myc to repress.
Increased transcriptional suppression by a lymphomaderived mutant Myc. Since amino acids 106 to 143 appear to be required for both the transformation and repressive activities of c-Myc, repression could be coupled to transformation. To determine whether a link could be more clearly established between transcriptional and transformation activities, we examined the activity of a lymphoma-derived mutant that contains a mutation within 106 to 143. At least 65% of Burkitt lymphomas exhibit missense mutations of c-myc clustered within its transactivation domain (49, 50) . While sporadic missense mutations that have no functional consequences may result from hypermutability of the translocated c-myc allele, recurrent missense mutations may indicate a growth selection advantage for cells containing such mutations. Mutations clustered around codon 58 have been shown to resist suppression of Myc-mediated transactivation by the retinoblastomarelated protein, p107 (51, 52). 4 of 45 lymphoma-derived c-myc alleles display a missense mutation at codon 115 resulting in substitution of a phenylalanine for leucine (40, 50, 52) . Mutation of 115-Phe, however, is still susceptible to p107 suppression of Myc transactivation (Clark, H.M., T. Yano, C.V. Dang, and M. Raffeld, unpublished observation). We sought to delineate the transcriptional properties of the lymphoma derived mutant, B2, because it contains a substitution at 115-Phe which lies within the region required for transcriptional suppression.
We first compared the activation of p⌬InrLuc by Myc and MycB2 and found that both transactivated p⌬InrLuc similarly (data not shown). Then to determine if their abilities to repress through the Inr were likewise similar, transfections using pMLPLuc were performed. Repression of pMLPLuc by Myc versus MycB2 was studied in the presence of a USF expression plasmid in mouse L cells. The addition of USF raises the basal activity of pMLPLuc twofold and thereby increases the sensitivity to changes in transcriptional repression. USF has been shown to transactivate through both the E-boxes and Inr element of the adML promoter (48). Li et al. have shown that USF raises the activity of the adML promoter, which accentuates the inhibitory effects of overexpressed c-Myc (37) . At high effector plasmid input, mutant pMycB2 more strongly suppressed pMLPLuc as compared to wild-type pMyc in mouse L cells (Fig. 5) . pMycB2 also suppressed pMLPLuc more potently than wild-type pMyc in Rat 1a cells that were used in the following experiments to assess the transforming properties of c-Myc (Fig. 5) .
We tested whether pMycB2 is more potent than pMyc in inducing the neoplastic phenotype by examining their abilities (a) to alter growth properties of Rat 1a cells, (b) to induce anchorage-independent growth of Rat 1a cells (44) , and (c) to transform primary rat embryo cells in cooperation with activated EJ-ras (2).
We generated pooled Rat 1a cell lines stably transfected with pMyc, pMycB2, or the empty expression vector, pMLV. The Rat 1a cell line was chosen because this immortalized cell line can be transformed by wild-type c-Myc alone resulting in anchorage-independent growth (44) . The expression of c-Myc proteins in each of these pools was determined by immunoblot analysis using an antibody specific for human c-Myc (Fig. 6 a) . The cells were plated in media with 10% FCS, and 6 d after plating the pMycB2 cells began to spontaneously form clusters of rounded cells that could grow in a cell-contact-independent manner, whereas the vast majority of pMLV and pMyc cells remained adherent to the plate (Fig. 6 b) . The nonadherent pMycB2 cells were Ͼ 95% viable as determined by trypan blue exclusion (data not shown). Saturation densities of each of the three cell lines (Fig. 7) were obtained for 10 d and showed that the pMycB2 cells continued to proliferate beyond the values achieved by pMLV and pMyc cells, indicating that MycB2 cells are less susceptible to contact inhibition of growth as is morphologically evident in Fig. 6 b.
As another indicator of cell transformation, the pooled cell lines were assayed for anchorage-independent growth in soft agarose as described previously (44) . The pMyc stably transformed cell line gave rise to colonies of intermediate size, but only few large colonies. In contrast, the pMycB2-transformed cell line formed intermediate colonies (100-200 m) , and in addition, large colonies (Ͼ 200 m) (Fig. 6 b) . pMLV-transfected cells did not yield colonies Ͼ 100 m in size. The observation that large colonies were formed only by the pMycB2-stable cell line and the higher cloning efficiency suggest that the amino acid substitution at amino acid 115, which enables c-Myc to have greater transcriptional repressive activity, also imposes a more transformed phenotype. The larger colonies seen with pMycB2 can be attributed to enhanced anchorage- independent cell proliferation as opposed to diminished apoptosis, since the extent of apoptotic cell death with serum withdrawal is similar between pMyc and pMycB2 cells (data not shown). These observations suggest that MycB2 is more potent than wild-type c-Myc in promoting anchorage-independent growth of Rat 1a cells.
Through the use of an independent cell transformation assay, we observed that the lymphoma derived MycB2 is more potent than wild-type c-Myc in transforming primary rat embryo cells in cooperation with the activated EJ-ras gene (Table I ). The conditions for this assay are as described in our previous publications (3, 53) . EJ-ras or MycB2 alone did not transform rat embryo cells. Under conditions defined in Table  I , lipofected primary rat embryo cells displayed an approximate twofold increase in transformed foci with MycB2 as compared to wild-type c-Myc in triplicate experiments. In these experiments, the total amounts of input plasmid DNA were made constant by adding the empty MLV-LTR-containing plasmid, pMLV. These observations further underscore the higher potency of MycB2 as compared to wild-type c-Myc. When considered with the finding that p∆106-143 lacks both transforming and transcriptional suppression activities, the observations with pMycB2 strongly support a link between the transformation and transcriptional suppression by c-Myc. 
Discussion
This study stemmed from our earlier work to identify factors influencing the transactivation properties of c-Myc. In our previous study (31) we noted that at low cell confluency, high input c-Myc expression plasmid resulted in transcriptional suppression of the adML promoter as was previously observed by van Antwerp et al., who used our reporter construct (29) . We now demonstrate that c-Myc represses transcription through the initiator element of the adenoviral major late promoter. Titration of c-Myc resulted in transactivation of the adML promoter and subsequent suppression at high levels of Myc. We also show that an NH 2 -terminal region of c-Myc spanning amino acids 106-143 is required for transcriptional suppression but not transactivation, whereas the helix-loop-helix region is necessary for both transactivation and transcriptional suppression. A lymphoma-derived c-Myc mutant (B2) containing an amino acid substitution within the NH 2 -terminal region required for transcriptional suppression and transformation is more effective than wild-type c-Myc in transforming Rat 1a fibroblasts and in suppressing the adML promoter. Thus, in addition to defining an NH 2 -terminal region of c-Myc required for transcriptional suppression of the initiator element, we demonstrate a link between c-Myc-mediated transformation and transcriptional suppression through both loss-of-function and gain-of-function c-myc mutations.
c-Myc-mediated transcriptional repression occurs through the Inr and requires an NH 2 -terminal region and the HLH dimerization domain. The study of c-Myc-mediated transactivation is complicated by the variable degrees of transactivation that occur through the E-box observed by different investigators (11-14, 29, 30) . Part of this variability could arise from the use of different cell lines in transient transfections. We have recently shown that changes in cell density at the time of transfection also contribute to variation in c-Myc-mediated transactivation because endogenous levels of c-Myc vary inversely with cell density (31) . However, differences in cell type and cell density fail to sufficiently explain the reports of c-Mycmediated transcriptional repression (11, 29, 30) .
The observation that Myc could transcriptionally repress the adML promoter at low cell confluency and the reported interaction of c-Myc with TFII-I led us to examine its activity through the adML promoter by mutating the initiator element. Constructs encoding Myc repress basal transcription at high inputs in the presence of an intact Inr and intact E-boxes. When the Inr is mutated, however, transcriptional repression is abolished. Thus, we have observed that transcriptional repression by c-Myc can occur through the Inr element in vivo. This observation substantiates the findings that c-Myc could inhibit TFII-I-dependent in vitro transcription (28) . Our results are consistent with the recent observation that c-Myc represses the 5 and terminal deoxynucleotidyl transferase initiators in transfection experiments (39) .
The inhibitory effect of c-Myc is most evident when compared to the transactivation properties of the mutant ⌬106-143. In contrast to wild-type c-Myc, which activates and then suppresses transcription of the adML promoter, ⌬106-143 was unable to suppress transcription at high levels of effector plasmid. In fact, ⌬106-143 stimulated the reporter pMLPCAT nearly sevenfold at a level of effector plasmid where wild-type c-Myc suppressed pMLPCAT. The dramatic activation of pMLPCAT by ⌬106-143 may result from the loss of suppressive activity through the Inr and retention of activation through E-boxes or, alternatively, an activation of both the Inr and E-boxes by the mutant ⌬106-143. In contrast to wild-type c-Myc, which did not affect a reporter containing the Inr but lacking two upstream E-boxes (pDMCAT), ⌬106-143 was able to stimulate pDMCAT. This observation suggests that ⌬106-143 interferes with the inhibition of the Inr by endogenous c-Myc through a dominant negative mechanism, although it is possible that it is able to activate transcription through the Inr.
Deletions of similar regions of c-Myc overlapping amino acids 106-143 have been previously shown to result in the loss of transcriptional repression. Deletion of amino acids 41 to 178 was shown to abrogate the ability of c-Myc to repress the mouse metallothionein promoter (30) , although the cis element in this promoter responsible for Myc-mediated repression remains as yet unidentified. Furthermore, Li et al. have also shown that a smaller deletion with removal of amino acids 122-140 resulted in the loss of an ability to suppress the adML promoter (37) . In contrast to our study of ⌬106-143, however, deletion of amino acids 122 to 140 did not dramatically aug- ment the ability of this mutant to transactivate the adML promoter as compared to wild-type Myc. The HLH region is required for repression at the Inr by Myc, since the deletion mutant p⌬HLH was unable to either activate or suppress pMLPCAT. p⌬HLH also did not affect either pDMCAT or p⌬InrCAT. These results indicate that the HLH region is required in vivo for suppression at the Inr suggesting that an interaction between Myc and some other protein is required. The role of Max in Myc-mediated suppression at the Inr is as yet unclear (37) . Several other proteins, such as YY1 and TFII-I, have been shown to interact with the c-Myc COOH-terminal or HLH region. The transcription factor, YY1, a zinc finger protein, associates with the carboxy terminus of Myc in the yeast two hybrid system (27). Myc inhibits both the repressor and activator functions of YY1 whose DNA binding site resembles an initiator element. The YY1 binding site, however, does not follow the adML Inr consensus sequence, and YY1 does not bind to the adML promoter (54) . An alternative partner protein could be the ubiquitous transcription factor, TFII-I, which binds to the initiator element as well as to c-Myc in gel-shift assay experiments (28) . Deletion of the c-Myc HLH region in those studies results in loss of binding to TFII-I as well as loss of transcriptional repression in vitro. The c-Myc HLH dimerization domain may facilitate binding to TFII-I which possesses a repeat of helices. It is conceivable that interaction of c-Myc with TFII-I at the Inr may position c-Myc in such a way to allow contact of its activation domain with TATA-binding protein at the TATA box to form an inhibitory complex (24, 25) .
c-Myc transcriptional properties and neoplastic transformation. Before the recent findings that c-Myc is capable of transcriptional repression, the transforming activity of c-Myc was thought to be only linked to its ability to activate transcription. Several observations, when taken together, suggest that the transformation and transactivation activities of c-Myc may be dissociated. When the transactivation domain of c-Myc was first localized by using hybrid GAL4 proteins, it was recognized that the mutant ⌬106-143 could potently activate transcription when tethered to GAL4 (2) . ⌬106-143 is also capable of activating a reporter construct containing E-boxes from the ornithine decarboxylase gene (14). This mutant, however, is defective in transforming either Rat 1a or primary rat embryo cells (5) . In fact, ⌬106-143 or deletion mutants lacking this region have been shown to act in a dominant negative fashion over the wild-type c-myc allele in transformation assays (53, 55) . Furthermore, although the chimeric VP16-Myc protein containing the activation domain of VP16 fused to the Myc oligomerization domain is capable of dimerizing with Max (16) and activating transcription of reporter constructs bearing E-boxes, this VP16-Myc chimera was unable to transform rat embryo cells in cooperation with an activated RAS (Dang, C.V., and J. Barrett, unpublished observation). These findings together suggest that the ability of c-Myc to transactivate artificial reporter constructs containing E-boxes can be dissociated from the transforming activity of c-Myc.
If transactivation by c-Myc can be dissociated from c-Myc transforming activity, then how are c-Myc transcriptional properties related to its neoplastic transformation activities? It is probable that artificial reporter constructs bearing E-boxes do not reflect the complexity of transcriptional regulation through authentic promoters in the genome that are regulated by c-Myc. The testing of this hypothesis, however, will require identification and thorough characterization of authentic c-Myc target promoters. An alternative hypothesis could be that transactivation is not the only mechanism by which c-Myc transforms cells.
The biological significance of c-Myc-mediated transcriptional suppression. The potential biological significance of transcriptional suppression by c-Myc has been elegantly discussed by Li et al. (37) , however several points deserve emphasis. E-box-driven transcription by c-Myc may indeed be biologically important because c-Myc appears to upregulate the expression of at least two growth-related genes, ornithine decarboxylase (14) and prothymosin-␣ (56) . Transactivation of these genes by c-Myc appears to be E-box driven, thus supporting the hypothesis that transactivation of genes involved in cell proliferation is a mechanism by which c-Myc transforms cells.
The link between c-Myc-mediated transcriptional suppression and transformation, however, argues that c-Myc-mediated transactivation of growth-related genes may not be sufficient for cell transformation. We have shown that loss of an NH 2 -terminal region critical for cell transformation is accompanied by a loss of transcriptional repression, but not transactivation. Our observation that the mutation in MycB2 confers increased transcriptional suppression and transformation activity supports a significant role for transcriptional repression in c-Myc-mediated cell transformation. Since c-Myc induces cell proliferation and transformation, candidate genes that are suppressed by c-Myc are expected to be involved in cell differentiation or cell growth arrest. In fact, several putative target genes, such as albumin, C/EBP-␣, metallothionein-1, LFA-1, and class I MHC genes, are repressed by c-Myc, and all of these genes contain initiator elements that match the adML Inr consensus sequence. Li et al. have shown that c-Myc can repress both the albumin and C/EBP-␣ promoters through their initiator elements in reporter constructs (37) . Because the genes that are repressed by c-Myc are highly expressed in differentiated cells, it seems plausible that cell transformation by c-Myc involves the down-regulation of differentiation genes. Thus, c-Myc-mediated transformation is a complex process, likely requiring E-box-driven transactivation of growthrelated genes and Inr-driven transcriptional repression of differentiation-related genes.
